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Space division multiplexing (SDM) has drawn 
significant amount of interests lately as a potential means 
for increasing the capacity of optical transmission 
systems. SDM can be achieved by using fibers with 
multiple numbers of cores, and/or by using cores 
supporting multiple number of modes. Optical 
transmission at the bit rates over 100 Tb/s to 1 Pb/s has 
been demonstrated by using multicore and multimode 
fibers1-5. To overcome the loss in SDM transmission 
systems, suitable amplifiers that can amplify signals 
carried by all the SDM channels simultaneously will be 
needed.6, 7 
To amplify signals from multicore SDM systems, 
different forms of erbium doped fiber amplifiers (EDFAs) 
using multicore8-11, bundled12 and multi-element gain 
fibers13 have been developed. Such amplifiers have 
already found applications in compensating losses in SDM 
transmission links14-15.  
A multicore EDFA can be pumped either through the 
core or the cladding. In core-pumped multicore EDFA8, 9, 
all the cores are pumped separately using single mode 
pump diodes, whereas in cladding pumped EDFAs, all of 
these cores are pumped simultaneously through a 
common multimoded cladding10, 11. The latter scheme 
requires far fewer number of optical components and 
allows for using low-cost high power multimode pump 
diodes, which can potentially reduce manufacturing cost. 
Moreover, high power multimode pump source can be 
operated without using a Peltier temperature controller, 
with the promise of reduced energy consumption.  
We have recently demonstrated operation of a multicore 
amplifier employing cladding pumping through one end of 
the gain fiber. Signals from single mode fibers are coupled 
into and out of the multicore gain fiber through fan-out 
devices (tapered fiber bundled couplers). Peak gain over 
32 dB has been obtained at a wavelength of 1560 nm and 
the bandwidth measured at 20-dB gain was about 35 
nm10.  It is, however, highly desired for the MC amplifiers 
to have multicore input and outputs, so that MC 
amplifiers can be conveniently spliced to MC- 
transmission fibers in order to further reduce the cost and 
to simplify the amplifier design.  
Besides end-face pump coupling, it is also possible to 
couple pump radiation through the side of the double-clad 
gain fiber. One remarkable advantage of side-coupling is 
that pump radiation can be coupled without interruption 
of the core waveguide. Side-coupling with high efficiency 
has been demonstrated in single core double-clad fibers in 
various bulk forms, such as V-groove side-coupling 
combiners16, embedded-mirror combiners17, direct fusion 
of tapered multimode fiber18,19, and also in the form of 
distributed coupling using GT-wave fiber assembly,20, 21. 
In this paper, we demonstrate a cladding-pumped 
multicore EDFA in which pump radiation is coupled to 
the gain fiber through the side of the cladding. The 
amplifier has a multicore input and output fiber, which 
can be readily spliced to multicore passive fibers. We have 
studied the amplification and noise properties of the 
amplifier in the C and L band region. An internal gain 
greater than 25 dB has been measured over 40 nm for all 
seven cores. 
 
Fig. 1. A 7-core EDFA with side pumping. (a) Schematic 
diagram, (b) Photographs of the pump/signal combiner, taken 
near down-taper region (A), uniform diameter region (B), and up-
taper region (C). 
The schematic of the 7-core fiber amplifier with side 
coupled pumping is shown in Fig 1. The multicore erbium 
doped fiber had 7 identical cores that were arranged in a 
hexagonal array with a pitch of about 41 m. The 
diameter of the cores and the numerical aperture were 3.2 
m (MFD: 5.6 m) and 0.23, respectively. ,The fiber had a 
cladding diameter of 100 m, and was coated with low 
index-coating for cladding pumping with a numerical 
aperture of 0.45.  The absorption of the erbium-doped core 
for core-guided light at 1530 nm was ~6 dB/m. We 
measured the background losses at 1305 nm, for the 
central and outer cores using an OTDR and found them to 
be about the same, ~41dB/km. 
In multicore fiber, since the outer cores are located close 
to the edge of the cladding, V-groove or embedded mirror 
methods are difficult to implement. To couple pump 
radiation into our fiber, we used a side-coupling method 
based on tapered multimode fiber. Side-coupling based on 
taper multimode fiber18, 19 ensures higher average pump 
intensity along the length of the gain fiber. A short section 
of the gain fiber (~8 cm long) near the input end was 
stripped of its low-index coating, and the exposed section 
was made to have optical-contact with a tapered 
multimode pump fiber. The tapered fiber was fabricated 
by a process similar to that reported in Ref. 19, which 
involves slowly varying the diameter of the multimode 
pump fiber (105/125, NA=0.15) from 125 to 15 m over 25 
mm, and maintaining a uniform diameter section of 
length 20 mm followed by an up-tapered section. The 
tapered and uniform diameter sections were wound 
around the gain fiber by one and  a half-turns to ensure 
efficient tacking, while the uptapered section was left 
detached from the gain fiber. Fig 1b shows photographs 
taken at different sections of the coupler for side pumping. 
Upon entering the down-tapered section, the pump 
radiation experiences an increase in NA22,23, thus escaping 
the pump fiber and is gradually captured by the gain fiber 
which has higher NA. By launching 7 W pump power at 
980 nm using 105/125 fiber, we could couple 4.7 W into 
the 100-m gain fiber, corresponding to an efficiency of 
~67%. Further enhancement in coupling is expected 
through optimization of the taper ratio, the taper length 
and by using coreless intermediry fiber19. The length of 
the section of the gain fiber between the input end and the 
pump-coupler that remained unpumped was ~25 cm.  
When amplifying in a cladding pumped amplifier 
employing long length, the signal intensity can become 
large when compared with the pump intensity.  This can 
deplete the upper state population, which makes it harder 
to achieve gain in the C-band with low noise figure, 
especially below 1560 nm, as we had observed in a 
cladding pumped multicore EDFA made of 50 m long gain 
fiber. Results of our numerical simulation10 showed that 
the gain spectrum can be extended to C-band by choosing 
a shorter length erbium-doped fiber. In the current 
amplifier design we chose 34-m-long gain fiber. 
The amplifcation and noise properties in each core of 
the 7-core amplifier were studied one at a time by 
coupling signal into and out of the gain fiber using two 
antireflection-coated lensed fibers attached to precision 
stages. To suppress the Fresnel reflection from the end 
facet, the gain fiber were angle-cleaved on both ends. In 
addition, optical isolators were used to suppress spurious 
backreflection at the input and output sides (connected to 
the pigtails of the lensed fibers). 
 
Fig. 2. Net (external) gain (a), and gross (internal) gain (b) 
measured for the 7 different cores of the MC-EDFA, for input 
signal powers of 0, -10, and -20dBm. The launched pump power 
was  4.7 W. 
Figure 2(a) shows the net gain versus wavelength 
measured in the seven cores for input signal powers of -
20, -10 and 0 dBm, when the pump power (coupled) was 
4.7 W. Here the central core is represented as core 0. 
Small signal gain over 25 dB could be obtained near 1560 
nm. Due to the angle cleaving, the coupling loss between 
the lensed fiber and gain fiber was rather high, estimated 
to be about 4.3 dB.  The internal or gross gain is higher 
than the net gain by an amount equal to the total passive 
loss of the lensed fiber coupler and isolator. The gross or 
internal gain is plotted as a function of wavelength for the 
different cores in Fig 2(b).  This gross gain is the expected 
gain that signals from a multicore transmission fiber will 
experience, when spliced directly to the multicore gain 
fiber. The maximum gross gain was about 32 dB near 
1560 nm, and gain over 25 dB was obtained over a 
bandwidth of ~40 nm.  We observed a significant 
expansion of the bandwidth into the C-band for this 
amplifier with shorter gain fiber than that used in our 
previous demonstration10.  
The internal NF was calculated from the gross gain and 
the ASE noise estimated at the output of  each cores 
following the treatment as described in Ref. 8. The 
internal NF for different cores as a function of wavlength 
is shown in Fig. 3(a) and (b) for input signal powers of 0 
and -10 dBm. As shown in Fig. 3(a) and 3(b), the NF 
becomes high for wavelength shorter than 1540 nm, while 
it tends to decrease for longer wavelengths. The NF was 
~5 dB for the signal wavelength of 1560 nm. At 1530 nm, 
the NF was ~8 dB, much lower than the 15 dB NF 
observed previously for L = 50 m. 
 Fig. 3. Internal NF plotted as a function of wavelength for 
different cores of the multicore EDF amplifier. The coupled pump 
power was 4.7 W and the input signal power was 0 dBm in (a), 
and -10 dBm in (b). 
We have performed numerical simulation, as described 
in Ref. 10, to estimate the gain and NF of a 7-core 
cladding pump EDFA with a length of 34 m and a pump 
power of 4.7 W. As shown in Fig. 4(a), an ~35 dB internal 
gain is expected for small-signals (-20 dBm) near 1560 
nm, which is in good agreement with the experimental 
results. Figure 4(a) also shows the gain calculated for a 50 
m-long gain fiber. For shorter wavelengths (<1540 nm), 
higher gain is obtained for the amplifier with L = 34 m. 
The NF was also calculated for gain fiber with lengths 
of 34 m and 50 m for different signal wavelengths. As 
shown in Fig. 4(b), the NF is reduced significantly for 
shorter wavelengths as the length of the gain fiber is 
reduced. For longer signal wavelength >1560 nm, the NF 
remained relatively unchanged with fiber length. Since a 
significant amount of pump remains unabsorbed, there is 
negligible pump-depletion induced cross talk among the 
cores.  
Since all the cores are pumped by a common source in 
cladding-pumped multicore amplifiers, controlling the 
gain of individual cores cannot be achieved by controlling 
the pump diode current. Individual core gain control 
might be possible by using suitable spatial variable optical 
attenuators (VOAs) at the amplifier output to control the 
signal intensity. Mulitcore amplifier design also require  
 
Fig. 4. Calculated gain (a) and noise figure (b) plotted as a 
function of wavelength for different input signals with power of 0 
dBm, -10 dBm and -20 dBm. Pump power was 4.7 W. 
multicore fiber isolators for suppression of ASE and 
spurious backreflections.  Realization  of  such multicore 
components is a topic for research in the near future.   
In conclusion, we have demonstrated a 7-core cladding-
pumped erbium-doped multicore fiber amplifier in which 
the pump was coupled through the side of the gain fiber. 
A peak net gain of about 32 dB was obtained at 1560 nm, 
with a NF of ~5 dB. Gain over 25 dB was observed over a 
bandwidth of about 40 nm centered around 1560 nm. The 
amplifier has multicore inputs and outputs which could be 
readily spliced to passive MCF with similar core-to-core 
pitch. 
References 
1. B. Zhu, T. F. Taunay, M. Fishteyn, X. Liu, S. 
Chandrasekhar, M. F. Yan, J. M. Fini, E. M. Monberg, and 
F. V. Dimarcello, Opt. Express 19, 16665-16671 (2011)  
2. J. Sakaguchi, B. J. Puttnam, W. Klaus, Y. Awaji, N. Wada, 
A. Kanno, T. Kawanishi, K. Imamura, H. Inaba, K. 
Mukasa, R. Sugizaki, T. Kobayashi, and M. Watanabe, J. 
Lightwave Technol. 31, 554-562 (2013). 
3. H. Takara, A. Sano, T. Kobayashi, H. Kubota, H. 
Kawakami, A. Matsuura, Y. Miyamoto, Y. Abe, H. Ono, K. 
Shikama, Y. Goto, K. Tsujikawa, Y. Sasaki, I. Ishida, K. 
Takenaga, S. Matsuo, K. Saitoh, M. Koshiba, and T. 
Morioka, European Conference and Exhibition on Optical 
Communication, OSA Technical Digest (Optical Society of 
America, 2012), paper Th.3.C.1.  
4. D. Qian, E. Ip, M. Huang, M. Li, A. Dogariu, S. Zhang, Y. 
Shao, Y. Huang, Y. Zhang, X. Cheng, Y. Tian, P. Ji, A. 
Collier, Y. Geng, J. Linares, C. Montero, V. Moreno, X. 
Prieto, and T. Wang, Frontiers in Optics 2012/Laser 
Science XXVIII, OSA Technical Digest (Optical Society of 
America, 2012), paper FW6C.3.  
5. D. J. Richardson, J. M. Fini, L. E. Nelson, Nature 
Photonics 7, 344-362(2013). 
6. P. M. Krummrich, Opt. Exp. 19, 16636-16652 (2011). 
7. D. J. Richardson, Optical Fiber Communication 
Conference/National Fiber Optic Engineers Conference 
2013, OSA Technical Digest (Optical Society of America, 
2013), paper OTu3G.1. 
8. K. S. Abedin, T. F. Taunay, M. Fishteyn, M. F. Yan, B. Zhu, 
J. M. Fini, E. M. Monberg, F.V. Dimarcello, and P. W. 
Wisk, Opt. Exp. 19, 16715-16721 (2011).  
9. Y. Tsuchida, K. Maeda, Y. Mimura, H. Matsuura, R. 
Miyabe, K. Aiso, and R. Sugizaki, Optical Fiber 
Communication Conference, OSA Technical Digest 
(Optical Society of America, 2012), paper OM3C.3. 
10. K. S. Abedin, T. F. Taunay, M. Fishteyn, D. J. 
DiGiovanni, V.R. Supradeepa, J. M. Fini, M. F. Yan, B. 
Zhu, E. M. Monberg, and F.V. Dimarcello, Opt. Express 20, 
20191-20200 (2012). 
11. Y. Mimura, Y. Tsuchida, K. Maeda, R. Miyabe, K. Aiso, H. 
Matsuura, and R. Sugizaki, European Conference and 
Exhibition on Optical Communication, OSA Technical 
Digest (Optical Society of America, 2012), paper Tu.4.F.1. 
12. M. Yamada, K. Tsujikawa, L. Ma, K. Ichii, S. Matsuo, N. 
Hanzawa, and H. Ono, IEEE Photon. Tech. Lett. 24, 1910-1913 
(2012).  
13. S. Jain, T. C. May-Smith, A. Dhar, A. S. Webb, M. Belal, D. J. 
Richardson, J. K. Sahu, and D. N. Payne, Opt. Lett. 38, 582-584 
(2013)). 
14. H. Takahashi, T. Tsuritani, E. L. T. de Gabory, T. Ito, W. 
R. Peng, K. Igarashi, K. Takeshima, Y. Kawaguchi, I. 
Morita, Y. Tsuchida, Y. Mimura, K. Maeda, T. Saito, K. 
Watanabe, K. Imamura, R. Sugizaki, and M. Suzuki, Opt. 
Express 21, 789-795 (2013) 
15. M. D. Feuer, L. E. Nelson, K. S. Abedin, X. Zhou, T. F. 
Taunay, J. F. Fini, B. Zhu, R. Isaac, R. Harel, G. Cohen, 
and D. M. Marom, Optical Fiber Communication 
Conference/National Fiber Optic Engineers Conference 
2013, OSA Technical Digest (online) (Optical Society of 
America, 2013), paper PDP5B. 
16. D.J. Ripin and L. Goldberg, Electron. Lett. 31, 2204-2205, 
1995. 
17. J. P. Koplow, S. W. Moore and D. A. V.  Kliner, IEEE J. 
Quantum Electron,. 39, 529-540 (2003). 
18. V.P. Gapontsev and I. Samartsev, US patent 5999673 
(1996).  
19. T. Theeg, H. Sayinc, J. Neumann, L. Overmeyer, and D. 
Kracht, Opt. Express 20, 28125-28141 (2012). 
20. A.B. Grudinin, D.N. Payne, P.W. Turner, L.J.A. Nilsson, 
M. N. Zervas, M. Ibsen, M.K. Durkin, U.S. patent 6826335 
(30 Nov. 2004).  
21. K. Yla-Jarkko, S. Alam, P. W. Turner, J. Moore, J. 
Nilsson, R. Selvas, D. B. Soh, C. Codemard, and J. K. 
Sahu, Optical Amplifiers and Their Applications, OSA 
Technical Digest Series (Optical Society of America, 2003), 
paper TuC1. 
22. D. J. DiGiovanni and A. J. Stentz, U.S. patent 5,864,644 
(26 January 1999).  
23. A. Kosterin, V. Temyanko, M. Fallahi, and M. 
Mansuripur, Appl. Opt. 43, 3893-3900 (2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Detailed References 
1. B. Zhu, T. F. Taunay, M. Fishteyn, X. Liu, S. 
Chandrasekhar, M. F. Yan, J. M. Fini, E. M. Monberg, and 
F. V. Dimarcello, "112-Tb/s Space-division multiplexed 
DWDM transmission with 14-b/s/Hz aggregate spectral 
efficiency over a 76.8-km seven-core fiber," Opt. Express 
19, 16665-16671 (2011)  
2. J. Sakaguchi, B. J. Puttnam, W. Klaus, Y. Awaji, N. Wada, 
A. Kanno, T. Kawanishi, K. Imamura, H. Inaba, K. 
Mukasa, R. Sugizaki, T. Kobayashi, and M. Watanabe, 
"305 Tb/s Space Division Multiplexed Transmission Using 
Homogeneous 19-Core Fiber," J. Lightwave Technol. 31, 
554-562 (2013). 
3. H. Takara, A. Sano, T. Kobayashi, H. Kubota, H. 
Kawakami, A. Matsuura, Y. Miyamoto, Y. Abe, H. Ono, K. 
Shikama, Y. Goto, K. Tsujikawa, Y. Sasaki, I. Ishida, K. 
Takenaga, S. Matsuo, K. Saitoh, M. Koshiba, and T. 
Morioka, "1.01-Pb/s (12 SDM/222 WDM/456 Gb/s) 
Crosstalk-managed Transmission with 91.4-b/s/Hz 
Aggregate Spectral Efficiency," in European Conference 
and Exhibition on Optical Communication, OSA Technical 
Digest (online) (Optical Society of America, 2012), paper 
Th.3.C.1.  
4. D. Qian, E. Ip, M. Huang, M. Li, A. Dogariu, S. Zhang, Y. 
Shao, Y. Huang, Y. Zhang, X. Cheng, Y. Tian, P. Ji, A. 
Collier, Y. Geng, J. Linares, C. Montero, V. Moreno, X. 
Prieto, and T. Wang, "1.05Pb/s Transmission with 
109b/s/Hz Spectral Efficiency using Hybrid Single- and 
Few-Mode Cores," in Frontiers in Optics 2012/Laser 
Science XXVIII, OSA Technical Digest (online) (Optical 
Society of America, 2012), paper FW6C.3.  
5. D. J. Richardson, J. M. Fini, L. E. Nelson, “Space-division 
multiplexing in optical fibres”, Nature Photonics 7, 344-
362(2013). 
6. P. M. Krummrich, “Optical amplification and optical filter 
based signal for cost and energy efficient spatial 
multiplexing,” Opt. Exp. 19, 16636-16652 (2011). 
7. D. J. Richardson, "Optical Amplifiers for Space Division 
Multiplexed Systems," in Optical Fiber Communication 
Conference/National Fiber Optic Engineers Conference 
2013, OSA Technical Digest (online) (Optical Society of 
America, 2013), paper OTu3G.1. 
8. K. S. Abedin, T. F. Taunay, M. Fishteyn, M. F. Yan, B. Zhu, 
J. M. Fini, E. M. Monberg, F.V. Dimarcello, and P. W. 
Wisk, “Amplification and noise properties of an erbium-
doped multicore fiber amplifier,” Opt. Exp. 19, 16715-
16721 (2011).  
9. Y. Tsuchida, K. Maeda, Y. Mimura, H. Matsuura, R. 
Miyabe, K. Aiso, and R. Sugizaki, "Amplification 
characteristics of a multi-core erbium-doped fiber 
amplifier," in Optical Fiber Communication Conference, 
OSA Technical Digest (Optical Society of America, 2012), 
paper OM3C.3. 
10. K. S. Abedin, T. F. Taunay, M. Fishteyn, D. J. 
DiGiovanni, V.R. Supradeepa, J. M. Fini, M. F. Yan, B. 
Zhu, E. M. Monberg, and F.V. Dimarcello, "Cladding-
pumped erbium-doped multicore fiber amplifier," Opt. 
Express 20, 20191-20200 (2012). 
11. Y. Mimura, Y. Tsuchida, K. Maeda, R. Miyabe, K. Aiso, H. 
Matsuura, and R. Sugizaki, "Batch Multicore 
Amplification with Cladding-Pumped Multicore EDF," in 
European Conference and Exhibition on Optical 
Communication, OSA Technical Digest (online) (Optical 
Society of America, 2012), paper Tu.4.F.1.  
12. M. Yamada, K. Tsujikawa, L. Ma, K. Ichii, S. Matsuo, N. 
Hanzawa, and H. Ono, “Optical Fiber Amplifier Employing a 
Bundle of Reduced Cladding Erbium-Doped Fibers,” IEEE Photon. 
Tech. Lett. 24, 1910-1913 (2012).  
13. S. Jain, T. C. May-Smith, A. Dhar, A. S. Webb, M. Belal, D. J. 
Richardson, J. K. Sahu, and D. N. Payne, "Erbium-doped 
multi-element fiber amplifiers for space-division 
multiplexing operations," Opt. Lett. 38, 582-584 (2013)). 
14. H. Takahashi, T. Tsuritani, E. L. T. de Gabory, T. Ito, W. 
R. Peng, K. Igarashi, K. Takeshima, Y. Kawaguchi, I. 
Morita, Y. Tsuchida, Y. Mimura, K. Maeda, T. Saito, K. 
Watanabe, K. Imamura, R. Sugizaki, and M. Suzuki, 
"First demonstration of MC-EDFA-repeatered SDM 
transmission of 40 x 128-Gbit/s PDM-QPSK signals per 
core over 6,160-km 7-core MCF," Opt. Express 21, 789-795 
(2013)  
15. M. D. Feuer, L. E. Nelson, K. S. Abedin, X. Zhou, T. F. Taunay, J. 
F. Fini, B. Zhu, R. Isaac, R. Harel, G. Cohen, and D. M. Marom, 
"ROADM System for Space Division Multiplexing with Spatial 
Superchannels," in Optical Fiber Communication 
Conference/National Fiber Optic Engineers Conference 2013, OSA 
Technical Digest (online) (Optical Society of America, 2013), paper 
PDP5B. 
16. D.J. Ripin and L. Goldberg, “High efficiency side-coupling of light 
into optical fiber using imbedded V-groove,” Electron Lett. 31, 
2204-2205, 1995. 
17. J.P. Koplow, S.W. Moore and D.A.V.  Kliner, “A New Method for 
Side Pumping of Double-Clad Fiber Sources,” IEEE J. Quantum 
Electron,. 39, 529-540 (2003). 
18. V.P. Gapontsev and I. Samartsev, “Coupling arrangement between 
a multimode light source and an optical fiber through an intermediate 
optical fiber length,US patent 5999673 (1996).  
19. T. Theeg, H. Sayinc, J. Neumann, L. Overmeyer, and D. Kracht, 
"Pump and signal combiner for bi-directional pumping of all-fiber 
lasers and amplifiers," Opt. Express 20, 28125-28141 (2012). 
20. A.B. Grudinin, D.N. Payne, P.W. Turner, L.J.A. Nilsson, M. N. 
Zervas, M. Ibsen, M.K. Durkin, “Multi-fiber arrangements for high 
power fiber lasers and amplifiers,” U.S. patent 6826335 (30 Nov. 
2004).  
21. K. Yla-Jarkko, S. Alam, P. W. Turner, J. Moore, J. Nilsson, R. 
Selvas, D. B. Soh, C. Codemard, and J. K. Sahu, "Cladding pumping 
technology for next generation fiber amplifiers and lasers," in 
Optical Amplifiers and Their Applications, OSA Technical Digest 
Series (Optical Society of America, 2003), paper TuC1. 
22. D. J. DiGiovanni and A. J. Stentz, “Tapered fiber bundles for 
coupling light into and out of cladding-pumped fiber devices,” U.S. 
patent 5,864,644 (26 January 1999).  
23. A. Kosterin, V. Temyanko, M. Fallahi, and M. Mansuripur, 
"Tapered Fiber Bundles for Combining High-power Diode Lasers," 
Appl. Opt. 43, 3893-3900 (2004). 
 
